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Abstract 
Traditional transport Cost-Benefit Analysis (CBA) commonly ignores the indirect environmental impacts of an infrastructure 
project deriving from the overall life-cycle of the different project components. Such indirect impacts are instead of key 
importance in order to assess the long-term sustainability of a transport infrastructure project. In the present study we suggest to 
overcome this limit by combining a conventional life-cycle assessment approach with standard transport cost-benefit analysis. 
The suggested methodology is tested upon a case study project related to the construction of a new fixed link across the Roskilde 
fjord in Frederikssund (Denmark). The results are then compared with those from a standard CBA framework. The analysis 
shows that indirect environmental impacts represent a relevant share of the estimated costs of the project, clearly affecting the 
final project evaluation. Additionally, they can significantly modify the weight of the different components of the overall project 
costs – evidently becoming a significant part of the estimated construction cost. Therefore, the suggested approach guarantees 
a higher quality of information thus providing decision makers with a more thorough insight of the environmental impact of the 
project.  
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1. Introduction 
Based on the outcome from the Brundtland report (UN, 1987), Holden et al. (2013) derived four main dimensions 
of sustainable development: satisfaction of human needs, intra- and intergenerational equity and long-term 
ecological sustainability. Having the latter dimension in mind, it can be argued that traditional transport project 
evaluation frameworks commonly fail to provide decision makers and stakeholders with a complete picture of the 
full environmental costs deriving from the implementation of transport projects. In fact, while the direct 
environmental costs, such as air pollution from vehicles operation, are normally included in the project evaluations, 
the indirect environmental costs, such as the energy and emissions associated with vehicle manufacturing, are 
usually not. Herein, the indirect environmental costs are identified as those deriving from the life-cycle of the 
project components, commonly quantified through Life-Cycle Assessment (LCA) techniques. In synthesis, LCA is 
the assessment of the environmental impact of a given product or process throughout its lifespan (ISO 14040, 2006) 
and it is mainly used to compare different products or processes whereafter the one with the least ecological 
footprint can be prioritised. The standard LCA framework has four steps and includes goal definition and scoping, 
inventory analysis, impact assessment and interpretation (Kloepffer, 2008). The environmental impact is assessed 
with a holistic approach spanning throughout the entire lifespan of the product or process, including raw material 
extraction and processing, manufacture, distribution, use, maintenance, recycle and disposal. LCA analyses are 
based on the information provided by life-cycle inventories, where the environmental impacts of a product or 
a process are first defined through a system modelling approach and then quantified. Eventually, the aim of LCA is 
to quantify the overall life-cycle environmental impact of a product or process, in terms of both resources taken 
from and released to the ecosystem. 
The use of LCA methods in transport studies is primarily seen by the authors as a tool to inform decision makers 
and help as they develop strategies to meet environmental and sustainability goals. Part of the existing literature 
focuses on the different environmental impacts deriving from different transport modes. Chester and Horvath (2009) 
use LCA to analyse passenger transport in the US considering car, buses, trains and airplanes. They find that life-
-cycle energy inputs and greenhouse gas emissions increase the vehicle operating costs from 31% (air) to 155% 
(rail). Chester et al. (2010a) make a comparative energy and emission transport LCA for three US metropolitan 
regions. The results show that the inclusion of life-cycle environmental impacts results in significant increases in 
terms of energy consumption and emissions, up to 20 time that of vehicle operation for all modes. Some of the 
studies on the field use an integrated approach combining transport and land use frameworks. Kimball et al. (2013) 
implement such an approach to quantify long-term impacts from land use and public transport (transit oriented) 
policies. They highlight how environmental effects from building construction, vehicle manufacturing and energy 
feedstock are significant. 
LCA is also used in the literature to quantify the indirect environmental costs of building transport infrastructure 
projects. Park et al. (2003) use a LCA to investigate indirect costs of highway constructions, where environmental 
impacts are estimated based on the energy consumption. The results show that the highest amount of energy is used 
in the manufacturing stage of construction materials, followed by maintenance and repair stages. Chester and 
Horvath (2010b) apply LCA on transport modes in the California corridor, comparing existing modes with the high 
speed rail system planned to be constructed by the State of California. The results show that, due to the required new 
infrastructure building process, the high-speed rail connection may or may not produce fewer environmental 
burdens depending of the actual future ridership. Thoft-Christensen (2011) uses LCA to analyse a motorway 
infrastructure case study. The results demonstrate that design and maintenance costs of a new infrastructure can be 
expected to be higher than those of repair or enhancement of an existing one. Chester et al. (2013) implement a LCA 
to analyse near-term and long-term sustainability effects of transport modal shift from private to public transport 
(transit oriented). The results show that the life-cycle of the infrastructure, vehicle and energy production 
components significantly increases the footprint of each mode, although authors argue that emerging technologies 
may reduce the impacts.  
Despite transport LCA studies clearly indicate the importance of the indirect environmental impacts in assessing 
transport sustainability, with the partial exception of Thoft-Christensen (2011) no attempts have been made to define 
the effect of integrating LCA into standard transport Cost-Benefit Analysis (CBA). Building on the existing 
literature, the aim of the present study is to fill this gap by, first, outlining a framework combining LCA and CBA 
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and, second, implementing a case study to compare the results from a standard CBA and the suggested framework. 
As first step, a LCA module is integrated into the UNITE-DSS model (Salling and Leleur, 2015), a tool developed 
to implement and assess transport infrastructure projects CBA. Then, a case study referring to the planned 
construction in Frederikssund (Denmark) of a new road bridge across the Roskilde Fjord is analysed. The effects of 
the new infrastructure on the overall Danish transport system are estimated by using the Danish National Transport 
Model (NTM), an activity-based model meant to establish a unified reference model for transport policy analyses 
and project evaluations in Denmark (Rich et al. 2010). The results from the NTM, in terms of changes in traffic and 
derived measures, are then used for a CBA comparative exercise. The Frederikssund bridge project is evaluated first 
by using the UNITE-DSS alone and then by the UNITE-DSS combined with the LCA module. The LCA module 
assesses the indirect environmental impact of the bridge itself, of the new road infrastructure accessorial to the 
bridge, and of the changes in travelled Vehicles-Kilometres (VKm) and Tonnes-Kilometre (TKm) due to the 
building of the new infrastructure.  
This paper is structured as follows. Section 2 provides a brief description of the UNITE-DSS model and of the 
LCA module created for the purpose of the study. Section 3 describes the case study, including an overview of the 
NTM. Finally, the main results and conclusions from the study are discussed in the last two sections of the paper. 
Nomenclature 
CO2 Carbon Dioxide 
NOx Nitrogen Oxides 
HC Hydrocarbons 
CO Carbon Monoxide 
PM2.5 Particles 
SO2 Sulfur Oxides 
2. The analytical framework 
Developed based on the Danish CBA guidelines (Danish Ministry of Transport, 2015), the UNITE-DSS model is 
designed to provide informed decision support to decision makers by combining information provided from 
aggregated estimates as well as from interval results, expressed in terms of accumulated probability curves. To 
achieve such results the UNITE-DSS model is structured in two parts, deterministic and stochastic, as graphically 
depicted in Figure 1 (Salling and Leleur, 2015). The deterministic part deals with the standard CBA approach 
producing point estimates of common socio-economic indicators, such as Net Present Value (NPV), Benefit Cost 
Ratio (BCR) and Internal Rate of Return (IRR). The stochastic part produces results from the uncertainty analysis of 
both construction costs and transport demand forecasts, therefore producing output probability distributions (so-
-called certainty graphs) of the decision support indicators output of the deterministic part. The uncertainty analysis, 
based on Monte Carlo Simulation (MCS), is based upon the information retrieved from the UNITE Project database 
(UNITE, 2015), which contains information about 200 transport related projects from Scandinavian countries and 
UK (Nicolaisen, 2012).  
To implement the analysis described in the present paper, the UNITE-DSS model has been integrated with 
a LCA module. The LCA module is based on a three steps process. First, it extracts from the life-cycle inventories 
the information related to the indirect environmental impacts, expressed in physical quantities, of the products of the 
case study project, i.e. the infrastructures and the vehicles. Second, it translates these impacts in monetary terms 
using as reference values those provided by the Danish ministry of Transport (2015). Third, it includes these 
environmental impacts expressed in monetary terms into the deterministic part of the UNITE-DSS model as part of 
the project costs (box 1 in Figure 1). The life-cycle inventories were retrieved from the well-established database 
Ecoinvent (2015). Ecoinvent includes a vast amount of life cycle inventories, quantifying an exhaustive number of 
environmental impact categories, from air polluting agents to water consumption and waste production. However, in 
order to consistently compare the CBA results with and without the LCA approach, for the present study the 
environmental impacts categories addressed by the LCA module were limited to those already included in the 
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UNITE-DSS, namely the air polluting agents CO2, NOx, HC, CO, PM2.5 and SO2. With respect to the new 
infrastructures, the LCA module quantifies the indirect environmental impacts as a function of the amount of 
concrete and steel used; with respect to the vehicles, as a function of the travelled VKm (car passenger) or TKm 
(freight vans and lorries). Considering that the UNITE-DSS model by default only includes the air polluting agents 
related to vehicles emissions, the differences in the results between the two approaches, i.e. CBA with and without 
the LCA module, primarily represent the amount of the listed air polluting agents produced during the production, 
maintenance and disposal of the products of the case study project.  
 
 
Fig. 1. The UNITE-DSS model framework. 
Table 1. LCA inventories. 
Product or process CO2 NOx HC CO PM2.5 SO2 
Infrastructures       
Motorway 6.3562 0.0539 0.0002 0.0515 0.0046 0.0033 
Bridge 1.5063 0.4065 0.0003 0.2117 0.0085 0.1020 
Vehicles       
Car passenger (Petrol) 0.1154 0.0001  0.0006   
Car passenger (Diesel) 0.1137 0.0002  0.0005   
Freight vans  1.3274 0.0066  0.0129 0.0006 0.0001 
Lorries  0.1280 0.0005  0.0002   
Source: Econinvent 2.2. 
 
Table 1 shows the life-cycle inventories from the Ecoinvent database. With respect to the infrastructures building 
and maintenance, the air polluting agents are expressed in Kg per metre of infrastructure. In particular, for the 
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construction, which counts for values between 70% and 95% of the total emissions, depending on the agents. With 
respect to road vehicles instead, the air polluting agents are expressed in Kg/VKm and Kg/TKm. The car passenger 
data refer to Euro 5 engines, so as to represent the improvement of car emissions over the length of the project 
evaluation (50 years).  
In order to translate these quantities values into monetary units to be used to run the CBA, unit prices in Danish 
Kroner (DKK) per Kg were applied, as summarized in Table 2. 
Table 2. Unit prices (DKK/Kg). 
 CO2 NOx HC CO PM2.5 SO2 
Price 0.07 51.54 2.61 0.02 964.73 217.72 
Source: Danish ministry of Transport. 
3. The case study: the Roskilde fjord connection project 
The chosen case study refers to the Roskilde Fjord new crossing project to be opened January 2020, located in 
Frederikssund, a Danish town of around 44,000 inhabitants at 45 minute car drive from Copenhagen. The 
Frederikssund municipality has a big potential for development as residential and businesses area; a new urban 
development project south of Frederikssund is already in the making, with plans of housing for 10,000 new 
inhabitants as well as 4,000 new workplaces. This area will be on the regional train line between Frederikssund and 
Copenhagen; furthermore, an upgrade of the road between Frederikssund and Copenhagen to a motorway scheme is 
an ongoing project. The volume of traffic to and from Frederikssund is high, affecting the existing Roskilde Fjord 
crossing, the Kronprins Frederik’s bridge, connecting the peninsula of Hornsherred with the eastern part of Zealand. 
For these reasons, the Danish government decided to build a high level bridge crossing the Roskilde Fjord south of 
Frederikssund.  
The planned infrastructure, shown in Figure 2, will be partially financed through user charge, while the old 
bridge will remain free of charge. The bridge will be 1.36 km long and 20 m wide and with a 90 km/h speed limit 
(Vejdirektoratet, 2010). The pedestrians and bike flows, as well as people with errands in the northern part of the 
city, will make use of the existing bridge, which will be downgraded to a local road. The accessory road network 
will have a total length of 24.2 km and a width varying between 20 m and 26 m, depending on the sections. Around 
10 km of the network (including the bridge facility) will consist in a four-lane motorway.  
At the time when the present analysis was implemented, detailed information about the bridge were not available. 
Therefore, in order to quantify the amount of concrete and steel required to build the bridge infrastructure, standard 
values were used instead, namely 89,000 T/Km for the concrete and 4,900 T/Km for the steel (von Rozycki et al., 
2003). The bridge will have 25 pillars with a section of 1.5 m*2.1 m supported by steel pillars (Vejdirektoratet, 
2010). The amount of concrete and steel required for the pillars will be high. However, no standard values were 
found, so the LCA for the pillars was not included into the LCA module. Unlike for the bridge and the pillars, no 
assumptions were required for the overall road infrastructure given that the Ecoinvent inventories are available for 
standard road classes. 
In order to assess the effects of the planned infrastructure on traffic and derived measures, simulations were run 
by using the NTM (Rich et al. 2010). The NTM is a tour-based large scale transport model that combines several 
sub-models. Preliminarily, the model exogenous variables, such as population, transport networks and employment, 
are defined. Afterwards, a population matrix is created through the Prototypical Sample Enumeration (Daly, 1998) 
approach implemented through an iterative proportional fitting matrix estimation method. Then, the framework 
divides in two parallel demand models: the passenger and the freight demand models. The output of these models 
feeds the multimodal assignment models (including walk, bike, public transport, rail, car driver, car passenger and 
air), which is the last stage of the framework. The assignment models set the level of service per modes and routes 
by assigning traffic to the physical network at the link level. The level of service is then fed back to the passenger 
demand models, in an iterative process which ends when equilibrium between demand and assignment is achieved. 
Currently this is accomplished through a heuristic approach based on a weighted method of successive averages.  
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Fig. 2. The Roskilde Fjord connection project. Source: Vejdirektoratet, 2010. 
The Table 3 summarises Travel Time (TT) and VKm travelled by vehicle class for the entire Denmark resulting 
from the comparison between the NTM output related to the 2020 base case (i.e. no bridge) and the 2020 scenario 
(i.e. with the bridge). The bottom part of Table 3 shows the resulting Travel Time Savings (TTS) and differences in 
VKm. As can be seen, while freight vans traffic is expected to experience advantages in terms of both TTS and 
VKm, the planned infrastructure might result in a net loss in terms of TTS and VKm for lorries, while car 
passengers are expected to decrease the travel time despite travelling longer distances.  
 Table 3. NTM 2020 output (average day). 
 Car passenger Freight vans Lorries 
Base case    
Travel time (hours) 2,163,595 134,962 199,918 
VKm  125,258,509 8,374,345 13,019,412 
Scenario    
Travel time (hours) 2,163,188 134,278 200,182 
VKm  125,267,981 8,323,572 13,047,732 
Differences     
TTS 407 684 -264 
VKm  -9,472 50,773 -28,320 
TTS were translated into monetary values based on different Value of Time (VoT) estimates for trip purpose and 
their free time and congestion time components. The VKm were used to calculate both Vehicle Operating Costs 
(VOC) and externalities: (i) accidents, (ii) noise, and (iii) air pollution in terms of marginal throughput values. Air 
pollution calculation focuses on the CO2, NOx, HC, CO, PM2.5 and SO2 emissions. With respect to the infrastructure, 
the overall cost is estimated of around 2 billion DKK and the yearly maintenance costs were roughly assumed to be 
2% of the construction cost per year. The opening year is planned to be 2020, based on the estimation of 5 years 
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construction. The evaluation period for the infrastructure is 50 years. Based on the Danish CBA guidelines, the 
discount ratio is 4% for the first 35 years and 3% for the remaining 15 years. Moreover, a net taxation ratio is set at 
32.5% and a tax distortion ratio at 20% (Danish Ministry of Transport, 2015). The revenue from the tolls is 
estimated to be 26 million DKK for the opening year. The traffic on the overall network is assumed to have an 
annual increase of 2% for the first 20 years and then to remain constant. Based on these information and 
assumptions the UNITE-DSS was run twice: first without the LCA module and afterwards including the LCA 
module.  
4. Results 
Table 4 summarizes the main investment criteria resulting from the implementation of the case study. As can be 
noticed, the inclusion of the LCA module has a relevant impact of the final evaluation of the project. In fact, the 
LCA module more than doubles the (negative) value related to the external effects of the projects, from around 1.2 
to around 4 billion of DKK. This results in a decrease of more than the 30% of the BCR, while the NPV and IRR of 
the project decrease of around 50%.  
Table 4. UNITE-DSS model CBA results. 
 UNITE-DSS UNITE-DSS-LCA Difference 
Construction Costs* -2,836 -2,836 0.00% 
User benefits* 7,558 7,558 0.00% 
External Effect* -1,161 -4,015 245.77% 
Operating Cost* -1,238 -1,238 0.00% 
Taxation* 2.8 2.8 0.00% 
Scrap Value* 2,331 2,331 0.00% 
Tax Distortion* -428 -428 0.00% 
    
Benefit-cost ratio  2.91 1.90 -34.71% 
Internal Rate of Return  5.57% 2.82% -50.60% 
Net Present Value*  5,408 2,553 -52.78% 
First Year Rate of Return  5.09% 3.26% -35.95% 
* Million DKK (2015 prices) 
 
More in details, as graphically shown in Figure 3, when including the LCA into the UNITE-DSS model, the 
biggest share of the increase in the external costs of the project is due to the LCA components of the planned 
infrastructures, which count for around 90% of the total. The remaining 10% of the costs is instead related to the 
number of accidents, which stays unchanged. It is worth to notice that the costs related to the air pollution due to the 
vehicles decrease, going from a cost around 400 million DKK to a benefit of more than 1 billion. Therefore, it can 
be said that decrease of VKm travelled by Freight vans shown in Table 3, more than compensate the corresponding 
increase for car passenger and lorries.  
The Figure 4 instead shows the same results but in comparison with the overall costs components resulting from 
the implementation of the CBA on the case study. Overall, by including the LCA module, the estimated costs of the 
project increases of 17%. As can be noticed, without the LCA module the most important cost components result to 
be the lorries TTS (29%) and VOC (27%), followed by the construction costs (21%). When including the LCA 
module, the air pollution costs component related to the new infrastructures becomes dominant, counting for 25% of 
the total costs, followed by lorries TTS (22%) and VOC (20%) components.  
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Fig. 3. Project external costs by components: the UNITE-DSS without (left column) and with (right column) LCA module. 
   
Fig. 4. Project costs by components: the UNITE-DSS without (left column) and with (right column) LCA module. 
5. Conclusions 
In this paper we presented the results from a study which compared the output of a transport infrastructural 
project CBA with and without a LCA module. Given the characteristics of the model used to run the CBA, the LCA 
module only added to the evaluation process the monetary cost of the air pollution impacts deriving from the 
building, maintenance and disposal of the planned infrastructures and of the vehicles travelling in the network. The 
results clearly show how the inclusion of the LCA module highly affects the socio-economic indicators output of the 
CBA, through the change in the estimated costs of the project. This is true both in absolute values, with an increase 
of 17% of the total costs, and in terms of the relative impact on the total costs of the different cost components. 
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The CBA results for the case study remain favourable to the project also when including the LCA module, 
although the LCA approach might have provided useful information to select among different typologies of 
infrastructures. In fact, from this point of view, the LCA can be considered fundamental to refine the optimization of 
the selection processes in terms of sustainability. More in general however, it seems possible to argue that for 
projects closer to the rejection threshold, including a LCA module might have a relevant effect on the results from 
the project evaluation, thus affecting the final decision. Besides, also when the socio-economic indicators stay 
favourable to the project, the variation in the relative weights of the cost components might lead to different 
decisions, for instance when an option is available which does not include the construction of a new infrastructure. 
However, it is important to highlight that including the LCA approach into a standard transport CBA does not 
always result in adding extra costs to the evaluation process. For instance, the results from the present study show 
how the air pollution aggregated costs deriving from the vehicles become benefits when the LCA module is 
included.  
The present study has limitations here acknowledged by the authors. Some assumptions were needed with respect 
to the technical characteristics of the bridge and part of the infrastructure, specifically the pillars, was not included 
into the LCA module for lack of information. For comparability reasons, the LCA module did not include all the 
impact categories commonly present into a standard LCA analysis. Furthermore, no assumptions were made on the 
future market shares of electric cars, although, as shown in Table 1, the LCA components related to the 
manufacturing and disposal of the vehicles are only marginally affected by the type of engine. This last comment 
also raises some questions about the effectiveness in terms of sustainability of policies based on the increase of 
cleaner private vehicle market shares rather than on the reduction of private vehicles fleet.  
Along with these, there is a more general issue to consider. Some of the costs considered by the LCA approach 
do not affect the geographical location where the project is implemented. For instance, the air pollution generated by 
the production of the vehicles affects the geographical area where the manufacturing process is implemented. In our 
case study we can exclude that the geographical location of the project analysed and that of the vehicles 
manufacturing coincide. In other words, the geographical perspective of the definition of sustainability we provided 
in the introduction does not always coincide with that of interest for the decision makers. In fact, while sustainability 
has a planetary boundaries dimension, a standard transport CBA has a local, sometime national boundary. Therefore 
the question: should the decision makers be interested in considering costs not affecting the geographical areas or 
populations they do not represent? One practical solution could be to include into the LCA module only the impacts 
affecting the project area, but this would not be consistent with the definition and meaning of sustainability and, 
besides, would lead to the problem of defining boundaries of the project area, not only for the LCA but also for the 
CBA.  
However, despite the limitations, the results from the study described in the present paper suggest how indirect 
environmental impacts, represented by life-cycle impacts of the project components have to be included in transport 
project evaluations in order to properly assess long-term sustainability and provide more exhaustive information to 
the decision makers. 
There is always space for improvements. The UNITE-DSS model allows implementing uncertainty analysis of 
the model variables. Such analysis was not implemented in the study described in this paper to preserve the focus on 
the LCA. Nevertheless, it would allow describing the uncertainty in both the CBA and the LCA module 
components, such as the uncertainty in the quantification and monetization of some environmental impacts, and its 
effects on the socio-economic indicators output of the UNITE-DSS model. With respect instead to the boundaries 
definition issue, specifically national boundaries, it seems worth to investigate the potential of the Economic Input-
-Output Life-Cycle Assessment (EIO-LCA) approach, a top-down approach based on the economic input-output 
tables which considers the entire economy as boundaries of the analysis (Lave et al., 1995).  
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